In this study, the equilibrium distributions of selected trace elements between molten iron-saturated copper alloy and selected iron silicate slags were measured, and the effects of silica fluxing on them. In addition to the copper and iron main components of the system, trace elements like antimony, gallium, germanium, gold, indium, and silver were added in experiments that spanned the temperature range of 1473-1573 K (1200-1300 °C). Experimental charges were quenched and prepared in polished mounts. In situ analyses of the resulting phases were made directly on the mounts without the need of phase separation prior to analysis. Electron probe X-ray microanalysis was used for concentrations at or above approximately 100 ppmw, and laser ablation-inductively coupled plasma-mass spectrometry for the lower concentrations in the slags. The very low slag concentrations of germanium, antimony, and indium obtained indicate that these elements can be removed from the slag by reduction, whereas gallium concentrations in the slag were high. Consequently, gallium removal from iron residues, such as zinc smelting jarosite, is difficult without volatilization. Based on the present observations, the industrial reduction processes for the treatment of smelting and refining slags as well as for the processing of iron residues, and extracting the reducible metal oxides and their metal values can be optimized. The target in fluxing should be to maintain the slag compositions with a silica concentration higher than about 28 wt%.
Introduction
Slags produced from the smelting and refining process contain significant quantities of metals that need to be recovered in a separate slag cleaning step [1] . In copper smelting, slag cleaning is performed by either of two major technologies: slag milling and flotation [2] , or reduction followed by settling in an electric furnace [3] . In contrast, slags produced in the nickel [4] , lead [5] , and tin [6] industries typically are cleaned in an electric furnace process using coke reduction.
The increasing awareness to properly handle harmful industrial wastes [7] has also increased our attention to various hydrometallurgical iron residues produced in extraction technologies, particularly jarosite produced in zinc smelting [8] [9] [10] [11] [12] [13] [14] . The metals contained in these residues (e.g., Zn, Pb, and Cu) are recovered either from the flue dust or in metal or speiss forming during the reductive treatment of the iron slag.
Fundamental trace element distribution and solubility data concerning the reduction process of iron silicate slags, particularly at iron saturation, are scarce. The limiting phase boundary in the reduction process is the iron saturation surface where the only variable in isothermal conditions is the composition of the slag. In the simplest case of the Fe-O-SiO 2 slags, this means its Fe:SiO 2 ratio, and in case the slag is modified to enhance metal recoveries, then typically also its CaO:SiO 2 and MgO:SiO 2 ratios will be of interest. Previous relevant research includes Kim et al. [15] who studied modifiers and minor element behaviors between copper and iron silicate slags. Zhai et al. [16] as well as Banda et al. [17] studied the effects of CaO modification The contributing editor for this article was Markus Reuter. on cobalt recovery from slag. Surapunt et al. [18] measured zinc distributions between copper-and iron-saturated silicate slags in open and closed systems. Zajaczkowski et al. [19] studied the distribution of lead and copper in aluminasaturated flash smelting slag. Limited data are available also for MgO-saturated nickel smelting slags [20] [21] [22] .
The aim of this study was to measure the equilibrium distributions of selected trace components over the temperature range 1473-1573 K (1200-1300 °C) between molten ironsaturated copper alloy and selected iron silicate slags, and to demonstrate the effects on these distributions at different silica flux concentrations (effectively by varying the Fe:SiO 2 ratio). This is a fundamental study of reduction smelting of jarosite and other iron residues.
Experimental
The base slag-metal system used in this study, Cu-Fe-O 2 -SiO 2 , has four components (denoted as C) in its simplest form, which is increased by one when a trace element is added. Therefore, in the experimental setups, where three phases (denoted as f) are in equilibrium under isothermal and isobaric conditions, the degree of freedom or the number of free variable F is as follows:.
The free variable will be set by the Fe:SiO 2 ratio of the slag which will be fixed in each P,T point. The base system without trace elements is thus self-equilibrating and reaches equilibrium without control of the internal atmosphere composition. Consequently, an inert gas was used as the furnace atmosphere. The addition of each trace element adds one degree of freedom to the equilibrium system. The equilibrium was measured experimentally in this study as trace element concentrations of iron-saturated copper alloy and the slag.
The experiments were conducted at temperatures of 1473 K (1200 °C), 1523 K (1250 °C), and 1573 K (1300 °C) using four different Fe:SiO 2 ratios (Fe:SiO 2 = 3.1, 2.3, 1.8, and 1.5 (w/w)). Each experiment was repeated at each temperature at 1 atm total pressure, giving a total of 29 experiments, including the time series of five annealings for 1 h, 2 h, 3 h, 4 h, and 5 h for determining the necessary equilibration time.
Prior to the experiments, Fe 2 O 3 was reduced by heating 10 g of Fe 2 O 3 in a quartz crucible in a vertical tube furnace at 800 °C for 14.5 h in controlled PO 2 , obtained using CO (purity ≥ 99.97 vol%; Aga-Linde, Finland) and CO 2 (purity ≥ 99.9993 vol%; Aga-Linde, Finland) gases with a volumetric ratio of 50:50 (flow rates for both gases were 100 mL/min (STP) during the experiments). The resulting material was analyzed by XRD using XPertPro software
(Panalytical, The Netherlands) showing only peaks for FeO. Visually, the reddish color of Fe 2 O 3 had changed to black after the reduction. The reduction of Fe 2 O 3 decreases the evolution of oxygen during the initial periods of the equilibration experiments and shortens the equilibration time.
An iron crucible (length ≈ 15 mm, outer diameter of 5.8 mm or less) was prepared from 6 mm pure Fe rod, see Table 1 , by cutting and drilling into a crucible shape. The iron-saturated iron-silicate based slag mixture was prepared by mixing prereduced FeO and SiO 2 powders to form a slag, which initially contained 20, 25, 30, and 35 wt% SiO 2 . In addition, the trace elements Ag, Au, Ga (as Ga 2 O 3 ), Ge, In, and Sb were simultaneously added as powders into the copper-slag mixtures, each assaying 1 wt% of the mass of copper. The slag-alloy mixture containing the trace elements and slag weighed 0.2 g each, and thus in the iron crucible, their corresponding weight ratio was initially 1:1.
The semisealed ampoule was formed from a quartz tube (8 mm OD, 6 mm ID; Heraeus: grade HSQ 300) by a hydrogen-oxygen torch. A 1.9 mm diameter hole was drilled into the ampoule 40 mm above the bottom of the tube using a dentist's drill. The iron crucible containing the sample was inserted into the tube. Subsequently, the quartz tube was cut to a length of 50-80 mm, and a hook for suspension was formed on the top-end using a hydrogen-oxygen flame. This operation left the drilled hole as the only opening into the ampoule to the surrounding furnace atmosphere.
In this method, we assumed that the semiclosed ampoule forms a kinetic barrier for the volatile elements but allows equilibration with, e.g., the gaseous CO-CO 2 mixtures if needed. Figure 1a shows a schematic of the semisealed ampoule arrangement containing the iron crucible with the sample in it. During equilibration, the gas phase above the liquid slag within the ampoule saturates with the volatile elements. The small hole decreases the removal rate of the saturated gas phase, by Knudsen-like gas diffusion through the hole, while the saturated gas phase reduces transfer of the volatile elements from the condensed phases into the gas flow. Thus, it was expected that the volatile elements equilibrate between slag and alloy without concentration gradients, and remain in the sample during annealing and after quenching in sufficient concentrations for in situ analysis with EPMA or LA-ICP-MS. In equilibrium, the distribution coefficients of the metals between the copper alloy, slag and metallic Fe, remains the same regardless of slow evaporation of the metals, provided the diffusional mass transfer in the slag and alloy are faster than the volatilization. Figure 1b illustrates basics of the new concept. When p Me,sl , p M,M < p Me,inside , mass transfer and volatilization of the metal/oxide to the surrounding furnace atmosphere will occur, but it is assumed to be slow compared to vaporization processes on the slag surface. When p Me,inside < p Me,outside , the metal/oxide-containing gas moves outside the ampoule through the hole. In this experimental arrangement, the molten alloy-solid alloy equilibrium with FeO in the slag forms the prevailing oxygen pressure in the ampoule.
The equilibration experiments were conducted in a vertical tube furnace under N 2 (purity ≥ 99.999 vol%; Aga-Linde, Finland) atmosphere using a similar setup and method as described earlier [23] . The semisealed ampoule containing the sample was introduced into the furnace work tube from its lower end and suspended there with a 0.5 mm Pt-wire. The ampoule was held in the low end, while the furnace was sealed, and the gas atmosphere flushed with flowing nitrogen for 30 min, at a flow rate of 200 mL/min. After flushing, the ampoule was raised to the hot zone of the furnace, equilibrated and quenched into a 273.15 K (0 °C) ice-water mixture. During the experiments, temperature of the sample was monitored using a calibrated, S-type (Pt/Pt90 + Rh10; ± 2 °C) thermocouple (Johnson-Matthey, UK).
Time required for equilibration was determined experimentally as 2 h based on changes in the slag composition. After quenching, the sample was dried, mounted into epoxy, cut, and polished using conventional wet metallographic methods. The sample surface was made conductive with carbon coating by evaporation.
Microstructure observations and preliminary analysis of chemical compositions of the phases were obtained using a Tescan MIRA 3 Scanning Electron Microscope (Tescan, Czech Republic) equipped with an UltraDry silicon drift energy dispersive spectrometer and a NSS microanalysis software (Thermo Fischer Scientific, USA). The accurate chemical phase compositional analyses were carried out by EPMA using a Cameca SX100 (Cameca SAS, France). The EPMA was operated using 20 kV accelerating voltage, 40 nA beam current, and 50-100 µm defocused electron beam. The external standard materials and analyzed lines used in the EPMA were: O K α (hematite), Si K α (quartz), Fe K α (hematite), Cu K α (Cu), Ag L α (Ag), Sb L α (SbTe), Au L α (Au), Ga K α (GaAs), Ge K α (Ge), and In L α (InAs). The analytical results of the primary EPMA WDS data were corrected using a PAP-based online matrix correction software [24] by Cameca.
The concentrations of all trace elements, apart from gallium, in the slag were below the detection limits of EPMA. Therefore, the slag phase was also analyzed with LA-ICP-MS technique. A Photon Machines Analyte Excite 193 nm 4 ns ArF laser ablation device (Teledyne CETAC Technologies, USA), coupled with a Nu AttoM single-collector ICP-MS (Nu Instruments Ltd., UK), housed at Geological Survey of Finland, was utilized. The laser energy was set to 30% of 5.0 mJ, resulting in a fluence of 2.5 J/cm 2 on the sample surface. A spot size of 85 µm and operating frequency of 10 Hz were selected. The estimated detection limits by the equipment are collected in Table 2 .
The mass spectrometer was operated in FastScan mode in low resolution (ΔM/M = 300) for higher sensitivity. An analysis protocol of 5 preablation pulses for removal of the carbon coating and possible contaminants from the surface, 20-s pause, 25-s gas background analysis, and 400 ablation pulses was adopted. At least six points were analyzed from the slag phase of each sample, and the averages and their standard deviations were used in the following chapters.
NIST 612 SRM [25] was used as the external standard and 29 Si as the internal standard for analyses. NIST 610 The data collected from the mass spectrometer were analyzed using GLITTER software [26] . The trace element concentrations obtained by LA-ICP-MS and presented in this article have been calculated using the isotopes: 72,73 Ge, 107,109 Ag, 115 In, 121,123 Sb, and 197 Au.
Results and Discussion
A typical microstructure of a quenched sample is shown in Fig. 2 . The liquid Cu and slag are clearly visible and present in large areas. Microstructures in slow quenched areas of the samples show minor precipitation, more pronounced than in experiments where small, open crucibles were used [27] . Very small Fe 3 O 4 precipitates were common in the slag, and the copper alloy in thick parts of the specimen indicated severe segregation. The wellquenched areas, showing microcrystalline or glassy structure in the SEM micrographs, were selected for the EPMA and LA-ICP-MS measurements.
Solubilities of the Base Metals
The final concentration of copper in reducing conditions of the slag cleaning at copper saturation is not at all well known in the literature. That endpoint is on the iron saturation boundary in the Fe-O-SiO 2 system. Therefore, the copper concentration of the iron silicate slag was measured as a function of silica concentration of the slag at 1473 (1200) to 1573 K (1300 °C), in saturation with solid iron. The results are shown in Fig. 3 as a function of measured silica concentration of the slag, calculated from the EPMA data. A comparison of the present observations with Surapunt et al. [18] shows excellent agreement at 1200-1250 °C.
The solubility of iron in liquid copper in these experiments was constantly controlled in the presence of the solid iron crucible that held the experimental charges. Therefore, the composition of the slag or its iron oxide activity does not affect the solubility of iron in the molten copper-based alloy. The present results with the individual standard uncertainty of each point (1 × σ) are shown in Fig. 4 .
Solubility of iron in liquid copper was also measured in this slag-copper alloy-solid iron equilibrium system, which contained 2.6-2.9 wt% other alloying elements in the metallic copper phase. The average values obtained were 4.0, 5.5 and 7.4 wt% [Fe] Cu at temperatures 1473 K (1200 °C), [28] , which has been evaluated as the most reliable experimental dataset by several critical assessments [29] [30] [31] . It is evident that in addition to silver and gold [32, 33] , also other alloying elements of copper increase the activity coefficient of iron in copper alloys, which explains the approximately 0.5 wt% lower iron solubilities measured in the present case, compared to the data of Oelsen et al. [28] from pure binary copper-iron alloys.
Solubilities of the Trace Elements in the Slag
The equilibrium concentrations of trace elements in the slag at copper and iron saturation predict the lowest concentrations achievable in the reduction process of slag cleaning with copper alloy as the collector metal. Thus, they can be regarded as the limiting minimum values in the industrial operations as well, see, e.g., Hughes [34] . Additionally the selected slag-to-metal ratio determines the maximum recoveries in the collector metal, in the absence of volatilization [35] . The trace element solubilities in the slags from Cu + 1 wt% Me copper alloy obtained in this study indicate a general decreasing trend when silica concentration is increased. This means that the losses of valuable metals increase when the slag used in the smelting is more iron oxide rich than the orthosilicate composition of the Fe-O-SiO 2 system or have a Fe:SiO 2 > 1.86 (w/w) or 29.5 wt% SiO 2 .
The solubilities of silver and gold in the slag as a function of silica concentration at various temperatures are shown in Figs. 5 and 6. The experimental uncertainties of silver concentrations were high in some samples, but no obvious reason was found in their micrographs. The silver concentration obtained at iron saturation is relatively high compared to the other precious and platinum group metals [36] , between 5 and 20 ppm. Gold dissolved in iron silicate slags much less, and its concentration was always below 0.3 ppm. Slight tendencies toward lower solubilities at low temperatures can be recognized in the present experimental observations. The obtained gold concentration is much lower than earlier data on metallurgical slags [37] if recalculated to the solubility values of pure gold.
The concentrations of germanium and indium in the slag at iron saturation were in the ranges of 10-30 ppm and 60-70 ppm, respectively. The experimental data at 1200-1300 °C are shown in Figs. 7 and 8 and plotted as a function of the measured silica concentrations of the iron silicate slag. A sample at 1200 °C had higher uncertainties than the other experiments, but no indication of the source of high scatter could be identified from its microstructure.
A solubility study at 1500 °C and carbon-CO(g) saturation in iron-free alumina-lime silicate melts [38] suggests much smaller indium concentrations, but its oxygen partial pressure was much lower, log 10 PO 2 ∕atm = −16 to − 17, than that in the present study ( Figs. 7, 8) .
The concentration of antimony in slag at iron saturation obtained in this study was around 1-4 ppm (Fig. 9 ). Copper was not effective collector for gallium, and its concentration in the slag remained at as high as around 2000 ppm or 0.2 wt% (Fig. 10) . The obtained concentration of antimony is much lower than reported by Goto et al. [39] at 1200 and 
Distribution Coefficients for the Trace Elements
The distribution coefficient of an element Me in metal alloy-slag systems is defined in the current study as where [] refers to the metal alloy (m) and () to the iron silicate slag (s) melt. Its relationships with the thermodynamic properties of element Me in the equilibrium phases have been discussed earlier elsewhere [40, 41] .
Due to the relatively high solubility of silver in iron silicate slags, even at metallic iron saturation, its distribution coefficient is much less than that of gold, see Figs. 11 and 12. The experimental scatter in the distribution coefficient values is relatively large. It suggests evident post quenching mass transfer, due to insufficient quenching rate of the sample and as consequence of the large mass of the sampleampoule arrangement. The distribution coefficient values obtained for silver, however, are clearly higher than obtained in earlier open crucible arrangements, e.g., Yazawa [40] , Avarmaa et al. [27] and Sukhomlinov et al. [42] . This fact is also supported by the present high concentrations of silver measured in the slag and alloy compared with the fully open experimental assemblies where Ag volatilization was significant [27] .
(2) L m∕s (Me) =
[wt%Me] (wt%Me) ,
A small temperature dependence is also found in the present results for the distribution coefficients of silver and gold so that low temperatures favor trace element deportment in the metal alloy, except at low silica concentrations.
The distribution coefficients of gallium and indium are shown in Figs. 13 and 14 . A clear dependence of the Fe:SiO 2 ratio can be observed in the case of gallium, but it is very small for indium. Also the temperature dependencies follow a similar pattern. A high processing temperature seems to favor the deportment of gallium in copper alloy, but in the case of indium, temperature has only a small impact on the distribution equilibria. According to the solubility measurements by Ko et al. [38] , silica increases the solubility in ironfree silicate slags which is an opposite trend to that found in the present study. The copper-slag distribution coefficients for germanium and antimony are presented in Figs. 15 and 16 . Both elements distribute predominantly in the copper alloy with very high distribution coefficients of a few hundreds and thousands, respectively. Also the influence of the slag Fe:SiO 2 ratio is significant in both cases. The obtained distribution coefficients for antimony are on an order of magnitude larger than that reported by Goto et al. [39] at 1200-1250 °C and silica saturation, but well in line with a recent publication from this group [43] . Shuva et al. [44] compared the previous germanium distribution experiments in copper and lead smelting slags but misinterpreted the data by Yan and Swinbourne [45] . The present observations indicate a stronger deportment to the metal alloy compared to the earlier data at MgO saturation and 5-19 wt% CaO. The evident reasons for this are the slow cooling post equilibration and concentration gradients in a system where most germanium was lost during the equilibration. The present observations are, however, in good agreement with geochemical data [46] .
A part of the FeO-Fe 2 O 3 -SiO 2 isothermal section at 1573 K (1300 °C) in ferric oxide lean systems is shown in Fig. 17 , where the corners of the triangle have been defined as 90 wt% Fe + 10 wt% SiO 2 , 40 wt% FeO + 60 wt% SiO 2 , and 40 wt% FeO + 50 wt% Fe 2 O 3 + 10 wt% SiO 2 . In addition to phase boundaries, based on Mtox database of MTDATA software [47] , calculated isoactivity contours of FeO and SiO 2 have been superimposed on the graph.
As Fig. 17 indicates, the properties of the slag 'matrix' change significantly when its composition is moved from halite (FeO) saturation of low silica toward the silica-saturated assays, particularly at iron saturation where its silica activity is increased from about a(SiO 2 ) = 0.15 to 1 (with solid tridymite as standard state). At the same time, the activity of ferrous oxide decreases from about a(FeO) = 0.8 to 0.35 (referred to pure, liquid FeO). In Fig. 17 , the isoactivity contours of ferrous oxide (from 0.3 to 0.8) are reproduced with labels of two decimals and those of silica (from 0.150 to 0.950) with three decimals.
Based on those fundamental features, it is easy to understand the obtained trends of the trace element concentrations in the iron silicate slags at iron saturation. Due to the experimental setup, the reduction process of the oxide of metal Me and solubility is controlled by the equilibrium:
On the raw material side, the only variable is the activity of the metal oxide, and thus its final concentration in the slag, whereas on the product side, low activity coefficient of Me in copper and low activity of FeO x in the slag promote the depletion of the slag from the trace element. It allows for generation of a stable slag without excessive leaching of its harmful metal content [48, 49] . An excessive addition of silica must be avoided, due to, e.g., the increasing viscosity of the slag [50] and the decreasing reaction rates.
Conclusions
Molten silicate solutions are nonideal solution phases, due to the strong polymerization or associates formed by SiO 2 with basic oxides, such as CaO and MgO, but also with weaker silicate formers, e.g., CoO, FeO, and NiO [51] . This implies that no free basic oxides, or their cations, are present in the silicate slag compositions rich in SiO 2 , and thus, the thermodynamic activity coefficients of the basic components and, in particular, strong silicate formers under these conditions are very much below unity.
The residual concentrations of precious metals, germanium, and antimony as well as indium obtained at iron saturation, i.e., in highly reducing conditions, indicate that they can be recovered from the slag almost completely, but gallium concentrations in the slag at iron saturation were high. Its removal from iron residues, such as jarosite from zinc smelting, with a reasonable yield is thus difficult without volatilization during processing.
The results indicate the key importance of the Fe:SiO 2 ratio of the iron silicate slag to the residual concentration of a trace element in the endpoint of slag cleaning by chemical reduction. With strong silicate formers as trace elements, more basic fluxing components are needed to release the trace element from the slag. A typical example for this is lead smelting where lime is used for increasing lead recoveries from the slag. The solubilities of the minor components grow significantly when the slag assay is more basic than the orthosilicate composition (e.g., Fe 2 SiO 4 ), all 'bridging oxygen' has been consumed in the silicate network by the basic oxide for the formation of SiO 4 4− tetrahedra, and 'free' iron oxides are present in the molten silicate structure [52] .
The industrial reduction technologies used for processing of iron residues and extracting reducible metal oxides and their metal values require a proper fluxing. Based on the present observations on the iron-saturated iron silicate slags, the target should be to maintain the slag compositions higher than about 28 wt% SiO 2 by fluxing with silica. Also the residual concentration of lead from the iron residue is low in the silicate slag under those conditions [23] .
It is obvious that several trace metals tend to vaporize during the smelting process [53] and are transferred to the off-gas stream where they form flue dust at low temperatures, in the heat-recovery boiler and the subsequent electrostatic precipitator.
